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As one of the measures for slope fast reinforcement, micropiles are always designed as a group. In this paper, an analytic model for the ultimate
resistance of micropile is proposed, based on a beam–column equation and an existing p–y curve method. As such, an iterative process to ﬁnd the
bending moment and shear capacity of the micropile section has been developed. The formulation for calculating the inner force and deﬂection of
the micropile using the ﬁnite difference method is derived. Special attention is given to determine the spacing of micropiles with the aim of
achieving the ultimate shear capacity of the micropile group. Thus, a new design method for micropiles for earth slope stabilization is proposed
that includes details about choosing a location for the micropiles within the existing slope, selecting micropile cross section, estimating the length
of the micropile, evaluating the shear capacity of the micropiles group, calculating the spacing required to provide force to stabilize the slope and
the design of the concrete cap beam. The application of the method to an embankment landslide in Qinghai province, China, is described, and
monitoring data indicated that slope movement had effectively ceased as a result of the slope stabilization measure, which veriﬁed the
effectiveness of the design method.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Slope failures often result in extensive property damage and
sometimes loss life. Improving the stability of both natural and
manmade slopes continues to be a fundamental problem in
geotechnical engineering.
One method that has been used to improve the stability of slopes
has been via the installation of micropiles. Micropiles are deﬁned
as small-diameter (typically less than 300 mm), drilled and grouted
replacement piles that are typically reinforced (Bruce and Juran,3 The Japanese Geotechnical Society. Production and hosting by
10.1016/j.sandf.2013.06.002
g author. Tel.: +86 10 6233 9153; fax: +86 10 6233 9052.
ss: sunshuwei@cumtb.edu.cn (S.-W. Sun).
der responsibility of The Japanese Geotechnical Society.1997). A micropile is constructed by drilling a borehole, placing
reinforcement, and grouting the hole. Micropile technology has
evolved continuously since its introduction by Fernando Lizzi in
the 1950s. Over the past 60 years, advances in drilling equipment
and techniques have extended the applicability of micropiles to
infrastructure repair and seismic retroﬁt projects (Tsukada et al.,
2006; Pinyol and Alonso, 2012). Compared to conventional anti-
sliding piles, micropiles construction is relatively simple, fast,
environmental-friendly and economic. Besides, micropiles can be
readily installed in areas with limited equipment access, such as for
landslides located in hilly, steep, or mountainous areas. The
successful use of this method in slope stabilization has been
described by several investigators (for example, Lizzi, 1978;
Cantoni et al., 1989; Pearlman et al., 1992; Juran et al., 1996;
Loehr et al., 2000; Sun et al., 2009).
Despite these applications, the methods used for the design
of the stabilization micropiles vary widely. Lizzi (1978)
suggests that micropiles can be used as the reticulated networkElsevier B.V. All rights reserved.
Nomenclature
p soil response
y micropile deﬂection
dx length of micropile element
Δ deformation at any distance from the neutral axis
of the element
dθ relative rotation of the sides of the element
ρ radius of curvature of the elastic element
η distance from the neutral axis
εx unit strain along the length of the micropile
f curvature of the elastic element
EI ﬂexural rigidity
E modulus of elasticity
I moment of inertia
Mult ultimate moment capacity of micropile
Px vertical compressive force
M bending moment
dM increment of bending moment
M bending moment of micropile
Q shearing force of micropile
N axial force of micropile
Es elastic foundation coefﬁcient
W landslide thrust
Rm ﬂexural rigidity at point m
jm angle of rotation
Mmax maximum bending moment along the micropile
M0 trial bending moment at boundary
Q0 trial shear force at boundary
Qult shear capacity of a veritical micropile
Qult shear capacity of an inclined micropile
Nult maximum axial resistance of micropile
ψ inclined angle of micropile
α1 grout-to-ground ultimate bond strength above the
ciritcal slip surface
α2 grout-to-ground ultimate bond strength below the
critical slip surface
L1 length of micropile above the critical slip surface
L2 length of micropile below the critical slip surface
d diameter of a micropile
D1 center-to-center distance between micropiles in a
row
D1, max maximum center-to-center distance between
micropiles in a row
D2 opening between micropiles in a row
D1 center-to-center distance between in-line
micropiles
FS the required factor of safety
FR force required to increase the factor of safety
F1 shear capacity of battered upslope micropiles
F2 shear capacity of vertical micropiles
F3 shear capacity of battered downslope micropiles
FA combined capacity of micropiles group
c cohesion of the soil
φ angle of internal friction of soil
q lateral force acting on the micropile due to soil
movement
Fq q intergrated over the length of the micropile
above the critical slip surface
γ
0
effective unit weight of the soil
cu undrained strength of the soil
ε50 strain corresponding to one-half of the maximum
principal stress difference
S.-W. Sun et al. / Soils and Foundations 53 (2013) 487–497488system, which creates a stable reinforced soil as “gravity-
retaining wall”, and the reinforced soil gravity mass supplies
the essential lateral loads due to the movement of the unstable
slope. Hence, Lizzi (1982) proposed a design method for
micropiles groups based on assumption that it is a highly
redundant system in which no tension is applied to any of the
micropiles. This system is subjected to compression and shear
and the micropiles provide conﬁnement to the in-situ soil,
thereby improving its deformation modulus and increasing its
shear resistance. The behavior of this system depends to a
great extent on the “knot effect” (Lizzi, 1978; Plumelle, 1984)
concept and the reinforced concrete analogy. In actual fact,
however, the mechanism of the knot effect is very complex
and many of the factors which inﬂuence the ﬁnal behavior of
the structure cannot be reasonably assessed, so the design
method has limited applicability. Palmerton (1984) and
Pearlman and Wolosick (1992) suggest that micropiles can
be designed to transfer axial and lateral loads through soft or
weak soils to more competent strata. These micropiles are
generally used to resist the applied loads directly. This design
concept relies mainly on substituting conventional large-
diameter pile types with closely spaced, small-diameter,high-strength piles to arrest sliding body. However, the
comparative tests between micropiles and conventional anti-
sliding piles conducted by Sun et al. (2009) showed that
micropiles were totally different from anti-sliding pile with
regard to the loading mechanism. With larger ﬂexural rigidity,
conventional piles suffered inclination deformation result from
compression fracture of soil behind pile. With smaller ﬂexural
rigidity, micropiles suffered ﬂexible deformation, which also
made the plastic zone of soil among micropiles cross and
overlap, so the larger lateral displacement occurred at the
sliding surface and on the top of the micropile. Therefore, the
solution for conventional piles cannot be easily adapted to
micropiles. Loehr et al. (2000) proposed a simpliﬁed method
for predicting the limit resistance of recycled plastic reinforce-
ment for application to stabilization of minor slopes. In their
method, which is based on elastic analyses, two general failure
mechanisms are considered to determine the distribution of
limit lateral resistance along the reinforcing members: failure
of soil around or between reinforcing members and structural
failure of the reinforcing member due to mobilized forces from
the surrounding soil. Reese et al. (1992) also described a
procedure for the design of slopes stabilized with micropiles.
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Fig. 1. Deformation shape of an element from a micropile.
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assuming that the limit state is the failure of the micropile in
bending and subsequently checking the potential for soil
failure leading to ﬂow of the soil between micropiles. An
important assumption included in the method is that the axial
forces that develop in the micropiles only affect the stability by
increasing the lateral resistance provided by the micropiles.
The axial components normal to the sliding surface are not
included explicitly in the stability analysis, so effects such as
decreasing the normal force on the base of a slice are ignored.
In general, the design methods for stabilization of slopes with
micropiles groups are not mature, and some of the designs
have generally been very conservative out of necessity.
The purpose of this paper is to set out a more reliable design
method for the micropiles groups as a measure against land-
slide. First, an analytic model for ultimate resistance of
micropiles is set up, using a beam–column equation and an
existing p–y curve method, to ﬁnd the bending moment and
shear capacity of the micropile. Then, a step-by-step design
procedure for micropiles is introduced, including how to
choose the location for the micropile group within an existing
slope, how to select the micropile cross section and estimate
the length of the micropile, how to evaluate the shear capacity
of the micropile group, and how to calculate the required
spacing and design the concrete cap beam. Finally, the
application of the method to an embankment slope hazard
problem in Qinghai province, China is described.2. Evaluation of bending moment capacity of micropile
Because they are slender reinforcements, the stiffness and lateral
resistance of individual micropiles is generally small. Therefore,
when micropiles are used to stabilize earth slopes, the interaction
between the micropile and soil makes them susceptible to bending
failure. The shear resistance of a micropile corresponds to the
maximum shear force that can be applied to the micropile that
results in a maximum bending moment within the micropile just
equal to the ultimate bending moment of the micropile. Hence, the
ultimate bending moment of the single micropile needs to be
obtained to evaluate the shear resistance of a single micropile.
An element from a micropile with an unloaded shape of
abcd is shown by the dashed lines in Fig. 1. The beam is
subjected to pure bending and element changes in shape as
shown by the solid lines. The length of element is given by dx
and the deformation at any distance from the neutral axis is
signiﬁed by Δ. The relative rotation of the sides of the element
is given by the small angle dθ and the radius of curvature of
the elastic element is signiﬁed by the length ρ. The symbol η is
the distance from the neutral axis. The unit strain εx along the
length of the micropile can be expressed as
εx ¼
Δ
dx
ð1Þ
From similar triangles
ρ
dx
¼ η
Δ
ð2ÞIt can be seen that dx¼ρ dθ and
1
ρ
¼ dθ
dx
¼ ϕ ð3Þ
where f is the curvature.
From Eqs. (1) to (3), the following equation is found:
εx ¼ ϕη ð4Þ
The ﬂexural behavior of the micropile subjected to bending
is dependent upon its ﬂexural rigidity, EI, where E is the
modulus of elasticity of the material of which it is made and I
is the moment of inertia of the cross section about the axis of
bending. Because of the nonlinearity in the micropole stress–
strain relationships, the value of E varies, and because the
concrete in the tensile zone below the neutral axis becomes
ineffective due to cracking, the value of I is reduced. Besides,
since micropiles are made up of a composite cross section,
there is no way to calculate directly the value of E as a whole.
The ultimate moment capacity Mult of a micropile can be
obtained based on the following procedure:
Step 1: selecting a value of ϕ and estimating the position of the
neutral axis. The strain at points along the depth of the
micropile can be computed by use of Eq. (4), which in turn
will lead to the forces in the concrete and steel. With the
magnitude of the forces, both tension and compression, the
equilibrium of the section can be checked, taking into account
the external compressive loading. If the section is not in
equilibrium, a revised position of the neutral axis is selected
and iterations proceed until the neutral axis is found.
Step 2: the bending moment is found from the forces in the
concrete and steel by taking moments about the centroidal
axis of the section.
Step 3: the maximum strain is tabulated and the solution
proceeds by incrementing the value of f. The computations
continue until the maximum strain selected for failure in the
x
dx
Px
MQ
y dy
Q + dQ
M + dM
y0
W ¦Ò
Pxx
Fig. 2. Analysis of element of a micropile.
S.-W. Sun et al. / Soils and Foundations 53 (2013) 487–497490concrete or in a steel tube is reached or exceeded. Thus, the
ultimate moment Mult that can be sustained by the micropile
section can be found.
Here, assumptions are made that the stress–strain curves of
concrete and steel adopted for the analysis are from
(Hognestad, 1951; Rusch, 1960). The ultimate bending
moment of a reinforced-concrete section is taken at a max-
imum strain of concrete of 0.003 and is not affected by the
crack spacing. Because of the large amount of deformation of
steel when it is stressed to beyond the proportional limit, the
ultimate bending moment for steel is considered to occur at a
maximum strain of 0.015, which is ﬁve times that of concrete.h
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t-23. Method of analysis of micropile resistance
The fundamental objective for designing stabilization
schemes with micropiles is to determine the resistance that
can be provided by individual micropiles as well as the number
of micropiles required to increase the stability of a slope to an
acceptable level. Given the lateral resistance of individual
micropiles, the mechanics of stability analysis for slopes
reinforced with structure members is relatively straightforward
and well established. Thus, the primary need in designing
micropiles stabilization schemes is to determine or estimate the
resisting forces provided by each micropiles.x
Fig. 3. Deﬂection and differential points of deﬂected micropile.3.1. Evaluation of shear capacity of single vertical micropile
The nonlinear curve relating the soil response and the pile
deﬂection is always termed as a p–y curve, where y is the pile
deﬂection and p is the soil response. Some writers have made
use of the theory of elasticity to develop expressions for p as a
function of y, but the approach has been of limited use. Soil
behavior can be modeled by the theory of elasticity only for
very small strains. The common characteristic shape of p–y
curves for static and cyclic loading in clay adopted for the
analysis are from Matlock (1970) and Reese and Welch
(1975), which were obtained from site tests. Thus, an analytic
model for evaluating the shear capacity of single vertical
micropile can be set up based on the existing p–y curve method
and conventional beam–column equation.
For simplicity, the micropile can be assumed to be a bar. A
segment bounded by two horizontals a distance of dx apart has
been cut from the bar as shown in Fig. 2. The segment has
been displaced due to lateral loading and a pair of vertical
compressive forces Px are acting at the center of gravity of the
end cross sections of the bar.
The equilibrium of moments (ignoring second-order terms)
leads to the equation:
dM
dx
þ Px
dy
dx
−Q¼ 0 ð5Þ
where M is the bending moment; dM is the increment of
bending moment and Q is the shearing force.Differentiating Eq. (5) with respect to x, the following
equation is obtained:
d2M
dx2
þ Px d
2y
dx2
−
dQ
dx
¼ 0 ð6Þ
The following identities are noted:
d2M
dx2
¼ EI d
4y
dx4
ð7Þ
dQ
dx
¼−Esy ð8Þ
where Es is the elastic foundation coefﬁcient.
The term W is added to allow a distributed load to be placed
along the micropile as landslide thrust. And the following
equation can be obtained:
d2M
dx2
þ Px
d2y
dx2
þ Esy−W ¼ 0 ð9Þ
Eq. (9) can be solved readily by using ﬁnite-difference
techniques. The deﬂection of the pile by ﬁnite deﬂections is
shown in Fig. 3a. The ﬁnite difference expressions for the ﬁrst
L2
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d 1
p
y
p
y
p
y
p
y
p
y
d 2
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d 5
d 4
Micropile above
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Q0
M 0
Q0
M 0
Micropile below
the slip surface
Fig. 4. Analytical model for ultimate resistance of micropile.
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d2M
dx2
 
m
¼ ym−2Rm−1 þ ym−1ð−2Rm−2Rm−1Þ

þym ð4Rm þ Rm−1 þ Rmþ1Þ
þymþ1ð−2Rm−2Rmþ1Þ þ ymþ2Rmþ1
 1
h4
ð10Þ
Px
d2y
dx2
 
m
¼ Pxðym−1−2ym þ ymþ1Þ
h2
ð11Þ
where Rm is the ﬂexural rigidity at point (m) and Rm¼EmIm.
Eqs. (10) and (11) are substituted for terms in Eq. (9) and
the resulting equation for point m along the pile is
ym−2Rm−1 þ ym−1ð−2Rm−1−2Rm þ Pxh2Þ þ ymðRm−1þ
4Rm þ Rmþ1−2Pxh2 þ Esmh4Þ þ ymþ1ð−2Rm
−2Rmþ1 þ Pxh2Þ þ ymþ2Rmþ1−Wmh4 ¼ 0 ð12Þ
Using the notation shown in Fig. 3b and c, the boundary
conditions at the bottom and top of the micropile are as
following, which can be applied to solve the differential
equation in difference form.
The bending moment and the shear force at the bottom of
the micropile are zero:
y−1−2y0 þ y1 ¼ 0 ð13Þ
y−2 ¼ y−1 2−
Pxh
2
R0
 
−y1 2−
Pxh
2
R0
 
þ y2 ð14Þ
The lateral load Qt and the moment Mt at the top of the
micropile are known (m¼ t):
Rt
2h3
ðyt−2−2yt−1 þ 2ytþ1−yt−2Þ þ
Px
2h
ðyt−1−ytþ1Þ ¼Qt ð15Þ
Rt
h2
ðyt−1−2yt þ ytþ1Þ ¼Mt ð16Þ
The differential equation can be solved based on the
following procedures:
Step 1: Selecting a value of Esm at any point m, Eqs. (13)–(16)
are substituted for terms in Eq. (12) and get the value of ym at
point m.
Step 2: Obtain the value of pm with ym from the family of
p–y curves.
Step 3: Iteration is carried out until the solution converges
to approximate values of Es at all points along the
micropile.
After the above process, the angle of rotation, the bending
moment and shearing force along the micropile can be
obtained from Eqs. (17) to (19).
φm ¼
ym−1−ymþ1
2h
ð17Þ
Mm ¼
Rm
h2
ðym−1−2ym þ ymþ1Þ ð18ÞQm ¼
Rm
2h3
ðym−2−2ym−1 þ 2ymþ1−ymþ2Þ ð19Þ
The maximum shear force that the micropile can carry
corresponds to that shear force applied at the elevation of the
slip surface, which results in a calculated maximum bending
moment in the micropile Mmax, which is equal to Mult. Fig. 4
shows the analytic model proposed to determine the shear
force capacity of a single micropile. Here, the shear force
capacity of a single vertical micropile is determined by
separately analyzing the portion of the micropile above the
potential slip surface and the portion of the micropile below
the potential slip surface.
The process to determine the maximum shear capacity
requires performing up and down analyses as a set. The shear
capacity of a single vertical micropile (Qult) can be determined
based on the following procedures:
Step 1: Selecting the value of Q0 and M0 (see Fig. 4) as the
trial boundary shear forces and bending moments, which is
applied at the slip surface location. Here, the head of the
micropile is modeled as free, and the input shear force
magnitude and direction applied at the slip surface location
is the same for the up and down analyses. Besides, the input
bending moment is equal in magnitude and opposite in sign
for the up and down analyses.
Fig
Inc
S.-W. Sun et al. / Soils and Foundations 53 (2013) 487–497492Step 2: Run the iterative process of up analysis and down
analysis using Eqs. (12) and (17)–(19), respectively. On the
basis of deformation compatibility condition, the calculated
slope of the micropile head at the slip surface should be the
same for the up and down analyses.
Step 3: Comparing the calculated bending moment along
the micropile Mmax to Mult, the process is termined for the
case where Mmax=Mult and the micropile head slope from
the up and down analysis is equivalent.3.2. Evaluation of shear capacity of single inclined micropile
The installed of micropiles in a group with some inclined
micropiles has also been advocated. The maximum lateral
force (Qult) that an inclined single micropile can resist at the
location of the critical surface can be evaluated by the limit
equilibrium method.
Fig. 5 shows the assumed forces acting on a micropile for
the case of a vertical micropile and for an inclined micropile.
The inclined angle (ψ) is deﬁned as the angle between the slip
surface and the vertical axis of the micropile. Adding the shear
and axial forces shown in Fig. 5b in the x direction results in
the following:
Qult ¼Qult cos ψ þ N sin ψ ð20Þ
where N is the axial force of the micropile.
It was noted by Poulos and Davis (1980) that the maximum
axial resistance can be assumed to develop in a pile inclined at
approximately 301. This conclusion is employed to micropiles
for lack of site test data. Therefore, the maximum lateral forceSlip surface
Qult
x
y
Qult N
ψ
Slip surface
Qult
Qult
N
x y
. 5. Forces acting on micropile at slip surface. (a) Vertical micropile and (b)
lined micropile.that an inclined single micropile can resist at the location of the
critical slip surface can be determined as(1)Fig.For 0∘ ≤ψ ≤10∘, Qult ¼Qult.
(2) For ψ≥30∘, Qult is determined by Eq. (20); and the N is
replaced as the maximum axial resistance (Nult) deﬁned as
Nult ¼ α1L1πd ð21Þ
where α1 is the grout-to-ground ultimate bond strength
above the critcal slip surface; L1 (see Fig. 4) is the length
of micropile above the critical slip surface; d is the
diameter of a micropile.(3) For 10∘oψo30∘, Qult is interploted by (1) and (2).4. Design methodology of micropiles to increase earth
slope stability
The general design approach for micropiles in a group to
increase earth slope stability involves six main steps: (1)
choosing a location for the micropiles within the existing
slope; (2) selecting the micropile cross section; (3) estimating
length of micropile; (4) evaluating shear capacity of micropile
group; (5) calculating spacing required to provide force to
stabilize the slope; and (6) design of concrete cap beam.4.1. Choosing a location for the micropile group
The lateral location of the piles is often found to be in the
vicinity of the midpoint of the slope (Poulos, 1995; Cai and
Ugai, 2000). However, the magnitude of force required to
increase the factor of safety of the slope (FR) will vary
depending on the location of the micropile group within the
slope. It is clear that, in order to be effective, the following
factors should be taken into account: (1) micropiles shouldCement grout
Casing
Drilled hole
Cement grout
Reinforcing bar
Bar centrailizer Cement grout
Reinforcing bar
6. Types of micropile cross section. (a) Type A, (b) Type B and (c) Type C.
Micropile
d
D2 = D1 - d
Soil moving-in
between micropiles
D1 ≤ D1,max
Fig. 7. Plastically deformation soil between two adjacent micropiles.
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target factor of safety; and (2) other possible slip surfaces away
from the micropiles should be investigated also to check
whether a more critical surface existed and had factor of
safety values less than the target value. If that was the case, the
additional measures should be taken to increase the local slope
stability.
4.2. Selecting micropile cross section
Micropile cross sections commonly used in engineering
practice are illustrated as shown in Fig. 6. Reinforcement may
consist of a single reinforcing bar, a group of reinforcing bars,
a steel pipe casing or rolled structural steel. Grout can be sand-
cement mortars or neat cement grouts placed under the gravity
head or pressures typically ranging from 0.5 to 8 MPa.
Grouting is required to be completed within 12 h after boring
to restrain the loosening of soil around the bored micropiles
according to the Chinese standard GB 50330-2002. In actual
fact, the mechanism of loosening is very complex and there are
many factors which inﬂuence the ﬁnal behavior in ways that
cannot be conveniently assessed. As such, for the sake of
simplicity, the loosening effect of soil around the bored pile
was not taken into account in the design approach.
4.3. Estimating length of micropile
The length of micropile above the ciritical slip surface, L1
can be obtained approximately based on the selected micropile
location. The side resistance capacity of the micropile below
the potential slip surface must be sufﬁcient to resist the axial
forces which developed above the potential slip surface.
Therefore, the length of micropile below the critical slip
surface, L2, should be selected following the rule:
α2L2πd≥pult ¼ α1L1πd FS ð22Þ
where α2 is the grout-to-ground ultimate bond strength below
the critical slip surface, and FS is the required factor of safety.
From Eq. (22), one can obtain
L2≥
α1
α2
⋅L1 FS ð23Þ
Total length (L) of the micropile can be calculated as
L¼ L1 þ L2 ð24Þ
4.4. Evaluating shear capacity of micropiles
Experimental studies by Holloway et al. (1981) and Brown
et al. (1988) indicate that group effects result in the lateral
capacity of a pile group being less than the sum of the lateral
capacities of the individual piles comprising the group. For in-
line micropiles, group effects are negligible for micropile
spacing between 6 and 7 diameters in the soil movement
direction, and for micropiles arranged in a row (i.e., perpendi-
cular to the direction of loading), group effects are negligible
for micropile spacing of greater than just 3 diameters. Formicropiles in a group in slope stabilization, the simplest
approach is to use the suggestion of Sun et al. (2010) that
micropile spacing at slip surface, D1 should be above 7
diameters in line to decrease the group reduction effects.
While it is recognized that micropiles for slope stabilization
will typically include some vertical micropiles and battered
micropiles connected at the ground surface via a concrete
beam, the combined capacity of micropile group including
vertical elements, battered upslope elements, and battered
downslope elements, FA, can be determined as
FA ¼∑F ¼ F1 þ F2 þ F3 ð25Þ
where F1 is the shear capacity of battered upslope micropiles,
F2 is the shear capacity of vertical micropiles, and F3 is the
shear capacity of battered downslope micropiles.4.5. Calculating the spacing required in row
It is clear that, in order to be effective, the following factors
should be taken into account to determine the required
micropile spacing in row: (1) the magnitude of resisting force
provided by the micropile group must be at least equal to FR;
and (2) the distance between individual micropiles along the
cap beam must be large enough to permit ease of construction
of the micropile. The required micropile spacing in row, D1;max
may be calculated as
D1;max ¼
FA
FR
ð26Þ
If the soil above the slip surface is very weak or micropiles
are spaced too far apart, there exists a potential for soil material
to move in-between adjacent micropiles (Fig. 7). Ito and
Matsui (1975) developed a theory to evaluate plastic ﬂow
between piles. Accordingly, the lateral force acting on the
micropile, q is deﬁned as
q¼ cD1
D1
D2
 ðNφ1=2 tanφþNφ−1Þ

1
Nφ tanφ

exp
D1−D2
D2
Nφ tanφ tan
π
8
þ φ
4
 	 
−2Nφ1=2 tanφ−1


þ 2 tanφþ 2Nφ1=2 þ
Nφ−1=2
Nφ−1=2 tanφþ Nφ−1

−c D12 tanφþ 2Nφ1=2 þ
Nφ−1=2
Nφ1=2 tanφþ Nφ−1−2D2Nφ−1=2
( )
Fig. 8. Image of the landslide.
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0z
Nφ
D1
D1
D2
 ðNφ1=2 tanφþNφ−1Þ
exp
D1−D2
D2
Nφ tanφ tan
 
π
8
þ φ
4
 	
−D2
( )
ð27Þ
where Nϕ ¼ tan 2 ðπ=4Þ þ ðϕ=2Þ
 
, D1 is the center-to-center
spacings, D2 is the opening between micropiles, c is the
cohesion of the soil, φ is the angle of internal friction of soil, γ
0
is effective unit weight of soil and z is an arbitrary depth from
ground surface.
The ultimate horizontal force acting on the micropile due to
soil movement between adjacent micropiles. Fq is the value for
q intergrated over the length of the micropile from the slip
surface to the cap beam.
For micropiles groups used for weak soil slope stabilization,
the calculated Fq should be compared to the resistance
provided by micropile group, FA to evaluate the spacing
between micropiles as shown below:12kPa
30(1)JC3
For Fq≥FA=2, the plastic ﬂow conditions do not govern,
D1¼D1, max.Cap beam20(2)Silty clayJC2
For FqoFA=2, the plastic ﬂow conditions govern,
D1oD1, max.JC1
Slip surface
Calcareous siltstone
Micropile0
10
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Water table Approximate
top of rock
Offset (m)
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Fig. 9. Cross section of controlling project.
Table 1
Main physical and mechanical parameters of different layers in slope (CU).
Layer γ (kN/m3) c (kPa) φ (deg)
Silty clay 21.2 25 18
Calcareous siltstone 23 480 234.6. Structural design of concrete cap beam
The concrete cap beam spans and anchors the micropile
array at the ground surface, which constrains the displacement
of micropiles and improves the shear capacity to some extent.
The structural design of the concrete cap beam follows typical
methods for reinforced concrete in China (China National
Standards GB50010-2002, 2002). The common concrete cap
beam used in China is an embedded single strip foundation or
the framework foundation. A single strip foundation is
typically 2 m wide and 1 m deep, and in general, the cap
beam should have sufﬁcient height and width to allow for at
least two to three micropile diameters embedment into the cap
beam to promote ﬁxity of the micropiles.
5. Example of application: K31 landslide, Qinghai, China
To study the effect of micropiles against landslide, an
existing embankment landslide in Zhaba-Hacheng roadway
in Qinghai was adopted as an example. The embankment was
constructed nearly 30-years-ago, and had an approximate
height of 30 m with an inclination of 351 (Fig. 8). An
embankment landslide took place after a storm rainfall. As
can be observed in Fig. 9, a gentle circular arc can appro-
priately represent the slip surface geometry. The appearance of
the displaced mass clearly indicates that the failure was rather
in the form of material ﬂow.
5.1. Site conditions
There are two mainly geomaterial units in the embankment
slope, which are the upper silty clay and the lower siltstone.
The silty clay is about 5–10 m thick and the siltstone is weak
weathered. Fig. 9 illustrates the groundwater ﬂow path in theslope. The shear strength parameters adopted for the analyses
are summarized in Table 1, which were obtained from limited
laboratory tests following the China National Standards GB/
T50123-1999 (1999).
5.2. Scheme of stabilization
Slope movements resulted in pavement settlement and crack-
ing, which caused the roadway to remain out of service for a long
time. Two alternatives were considered for stabilization. One
alternative consisted of regrading the slope and constructing anti-
sliding piles and the other one was the use of micropiles. The
anti-sliding piles were rejected for implementation because they
were not cost effective. Micropiles were selected for implementa-
tion since they were less expensive than anti-sliding piles (savings
S.-W. Sun et al. / Soils and Foundations 53 (2013) 487–497 495RMB780, 000) and could be constructed in highly variable
ground and under restricted access conditions. Other advantages
included the ability to maintain trafﬁc during construction and
minimal environmental impact.5.3. Design of micropiles
The micropile cross section is selected as Type A in Fig. 6.
The diameter of micropiles was 230 mm each. Each micropile
was assumed to be reinforced with API-80 casing. The yield
stress of the reinforcement was taken as 552 MPa. The
ultimate bending moment, Mult is evaluated by the method in
Section 2, and the results are shown as follows:(1)Tabl
Para
Soil
Silty
Silty
CalcFor 0∘ ≤ψ ≤10∘, N¼0, Mult¼161.3kN m;
(2) For ψ≥30∘, N¼475kN, Mult¼147.7kN m.A factor of safety of 1.3 was selected as the minimum adequate
value following the Chinese standard GB 50330-2002, which is
determined depending on the security level of the roadway.
Micropiles were located at approximately a midslope location,
accordingly, the additional force required from the micropile FR ise 2
meters of layers in slope (UU).
type Cu (kN/m
3) γ0 (kN/m3) ε50
clay 1 120 21.2 0.0050
clay 2 168 11.4 0.0040
areous siltstone 480 13.2 0.0025
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Fig. 10. Strain gauge locations on micropiles (Unit: m). (650 kN/m. Local slope stability analyses were performed to
conﬁrm that slip surfaces upslope and downslope from the
micropile location having an acceptable factor of safety. The
results indicated that the miminum factor of safety for upslope slip
surface was 1.30 and the minimum factor of safety for downslope
slip surface was 1.35. Since these values are greater than 1.30,
there was no need to take additional measures to increase the local
slope stability.
Three rows of micropiles comprised the group, as can be
seen in Fig. 9, the leading row of micropiles were battered 101,
the middle row was almost vertical, and the rear row of
micropiles were battered 211. The micropile length ranged
between 15 and 18 m, with the spacings 1.5 m at in-row
direction. The shear capacity of micropiles F1–F3 was 420 kN,
329 kN and 329 kN, respectively.
The main parameters adopted for p–y analyses are summar-
ized in Table 2. The silty clay 1 and 2 represent the material
above and below the water level, respectively. The effective
unit weight (γ
0
), the undrained strength (cu) and strain
corresponding to one-half of the maximum principal stress
difference (ε50) were also obtained from laboratory tests.
The shear capacity of micropiles, FA was calculated as 1078kN
by Eq. (25). And the calculated micropile spacing required in row,
D1, max is 1.65 m. The actual micropile spacing, D1¼1.5 m was
adopted considering the site conditions. Besides, the plastic ﬂow
analysis was accomplished to check the potential soil ﬂow between
micropiles, and the results show the Fq was calculated to be
753 kN, which is above the half of FA, so plastic ﬂow will not take
place under these circumstances.
The embedded steel-reinforced concrete cap beam was
designed in a single strip, typically 1.5 m wide and 0.75 m
deep. The length of embedment was 0.5 m for the micropiles
into the cap beam.face
Cement grout
fc = 30MPa
180mm O.D. steel pipe
Wall thickness = 12mm
230mm diameter hole
Cross section 1-1
Note: the middle micropile is absent from the ﬁgure).
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The k31 landslide was the ﬁrst project in Qinghai in which
micropiles were used to create a permanent landslide stabiliza-
tion system. A comprehensive instrumentation and monitoring
program was developed to assess the ﬁled performance of the
micropiles. Instrumentation consisted of 3 horizontal displace-
ment monitoring points JC1–JC3 (seeing Fig. 9) and strain
gauges attached micropile steel casings (seeing Fig. 10).
Information collected included slope movement and load
transfer of the micropiles.
Measured displacements of JC1–JC3 were shown in Fig. 11.
The displacements were increasing at the beginning construction,
and then decrease slightly over the time. The maximum value of
horizontal displacement was about 15 cm. Two months after the
construction (December 15 in 2008), the measured displacments
ceased and remained constant. These results indicate that the
micropiles were effective in reducing slope movements.
Measured axial loads in the micropiles were less than those
assumed in the design (Fig. 12). In addition, the upslope battered
micropiles and the downslope battered piles were both in tension
and the maximum value is in the vincinity of the slide plane. The
strain ganges also indicated higher bending momenting developed
in the micropiles in the vicinity of the slide surface (Fig. 13).
Measured maximum bending moments ranged from approximately
10 percent of the ultimate bending moment capacity of the
micropiles. It should be pointed out that the measured maximum
bending moment was far less than the ultimate bending moment
capacity. There are two main factors resulting in the large gap: (1)
The shear strength parameters of the embankment materials as
determined from the testing program are based on the assumption
that a standard compaction procedure had been implemented
during construction of the embankment. The actual construction
quality of the nearly 30-years-old embankment, however, is
virtually unknown. (2) It is not easy to explain the ﬁeld test result
due to some uncertain factors, including difﬁculties maintaining
and monitoring instrumentation, long testing periods, and change
of testing conditions. In general, instrumentation data indicated that
the micropiles performance was acceptable.7. Conclusions
An approach has been described for the design of micropiles
to stabilize earth slopes.● An analytic model was set up to determine the ultimate
resistance of micropiles based on the conventional beam-
column equation and existing p–y curve method. The
micropile is analyzed in two sections to compute the
displacement, bending moment, and shear force at each
S.-W. Sun et al. / Soils and Foundations 53 (2013) 487–497 497point, and the solution was adopted by consideration of the
compatibility of the pile head slope at the slip surface.● A step-by-step procedure has been proposed for the design
of micropiles in earth soil slope stabilization, including
guidelines about choosing a location for micropiles within
the existing slope, selecting the micropile cross section,
estimating the length of micropile, evaluating the shear
capacity of the micropile groups, calculating the required
micropile spacing and the design of the concrete cap beam.
Once a desired safety factor and the location of the
micropiles are decided upon, the length of the micropile,
the shear capacity of the micropiles, and the required
micropile spacing can be determined.● An application of the design approach in a roadway
embankment landslide in China was described. Monitoring
data indicated that slope movement had effectively ceased
as a result of the slope stabilization measure, and micropiles
performance was acceptable.Acknowledgments
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